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We showed previously that cells expressing the vesicular stomatitis virus (VSV) L polymerase gene via the vaccinia–T7
RNA polymerase system accumulated 2- to 5-fold more L protein when the P protein was coexpressed (Canter et al., 1993,
Virology 194, 518– 529). The results presented here provide an explanation for this phenomenon. Pulse–chase analysis
revealed that L was unstable with a half-life of 3 to 6 hr if expressed in the absence of P protein, but was stable for at
least 16 hr when coexpressed with a 10- to 15-fold molar excess of P. The P protein, in contrast, was stable under both
conditions. Stabilization correlated with formation of a P:L polymerase complex evidenced both by coimmunoprecipitation
and by glycerol gradient sedimentation analyses. A mutant L protein, lacking amino acids 1638 to 1673, was not stabilized
by coexpression and showed no binding to P protein. Its anomalous sedimentation, however, suggested misfolding and/or
aggregation as the cause for the failure to bind P. Transcription reconstitution in vitro, using extracts from cells expressing
excess of P over L protein, strongly depended on coexpression of the proteins for optimal activity. We propose that the
coexpression dependence for polymerase reconstitution documented here for VSV, as well as that reported previously for
the Sendai paramyxovirus, reflects the protective effect of P protein on L protein stability. q 1996 Academic Press, Inc.
INTRODUCTION phosphorylation plays a role in its function (Banerjee and
Barik, 1992; Gao and Lenard, 1995a).
The polymerase of rhabdo- and paramyxoviruses is a
The vaccinia virus–T7 polymerase system has re-complex of two virally encoded subunits: the L polymer-
cently been employed very successfully for expressionase protein and the P phosphoprotein. The template for
of functional L and P proteins in several rhabdo- andthis complex in each case consists of a nonsegmented,
paramyxovirus systems (Pattnaik and Wertz, 1990; Cur-negative-strand RNA genome ranging in size from 11 to
ran et al., 1991; Horikami et al., 1992; Calain et al., 1992;15 kb and tightly encapsidated within the N or NP protein
Canter et al., 1993; Conzelmann and Schnell, 1994; Yu(for review, see Banerjee and Chattopadhyay, 1990;
et al., 1995; Stillman et al., 1995; Grosfeld et al., 1995),Moyer and Horikami, 1991). Two distinct modes of poly-
including production of infectious virus from cDNA tem-merization are involved. The transcription mode uses
plates (Schnell et al., 1994; Lawson et al., 1995; Whelanonly the negative-strand template, and the current start –
et al., 1995; Garcin et al., 1995; Collins et al., 1995). Thestop model invokes termination and reinitiation at each
first such system demonstrated efficient replication ofgene junction. The replication mode uses both negative-
VSV defective interfering particles (DI) in cells expressingand positive-strand templates and involves only single
L, P, and N proteins from plasmids (Pattnaik and Wertz,initiation and termination events at the very ends. The
1990). Subsequent studies with the paramyxovirus Sen-catalytic L polymerase subunit (250 kDa) is most likely
dai showed that coexpression of P and L proteins in theresponsible for all cotranscriptional modifications such
same cell is required for optimal DI replication in vivo oras capping, methylation, and polyadenylation. In the rep-
for optimal transcription of standard genome templateslication mode, the P:L complex is thought to respond to
added to transfected cell extracts (Horikami et al., 1992;the presence of a P:N (or P:NP) assembly complex and
Curran et al., 1992). In contrast, we reported only a two-read through the template until the end. The function of
fold increase in VSV transcription activity using extractsthe smaller P protein subunit (27 to 69 kDa) is less well
derived from coexpressing cells compared to mixing ex-defined. Studies with vesicular stomatitis virus (VSV), the
tracts from cells separately expressing P and L (Canterprototype rhabdovirus, have shown that it functions as
et al., 1993).the template-binding subunit and that modification by
An explanation for the P and L coexpression require-
ment was suggested by the findings of Smallwood et al.
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(1994) who reported that Sendai L protein is unstabledressed at Department of Biology, San Diego State University, 5500
unless coexpressed with P protein. A similar phenome-Campanile Drive, San Diego, California 92182. Fax: (619) 594-5676; E-
mail: jperrault@sunstroke.sdsu.edu. non was reported for measles virus L (Horikami et al.,
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1994). In contrast, Parks (1994) noted substantial accu- here was presented at the 1995 Annual Meeting of the
American Society for Virology, University of Texas at Aus-mulation of L protein in the absence of P in the SV5
paramyxovirus system, but also found that the P:L com- tin, Texas, July 8–12.
plex formed only if cells were coexpressing both pro-
teins. The C-terminal half of the SV5, or Sendai L protein MATERIALS AND METHODS
appears to be dispensable for P binding (Parks, 1994;
Growth of cells, transfection, and labeling
Chandrika et al., 1995). In the case of measles virus, an
amino-proximal domain of 400 amino acids of L was All transfections employed cationic liposomes, pre-
pared as described by Rose et al. (1991), except for thereported sufficient for this binding (Horikami et al., 1994).
A single amino acid substitution of Sendai L protein (Ser coimmunoprecipitation experiments of Fig. 3A where cal-
cium phosphate was used. BHK cell monolayers of vary-68 to Arg), or a three-amino-acid insertion at position
379, reportedly abolished P:L complex formation (Chan- ing sizes were transfected in different experiments but
all components, except DNA, were kept constant relativedrika et al., 1995).
As far as P is concerned, the domain required for L to the size of the monolayer. The procedure described
here refers to cell monolayers in 3.5-cm wells (5 1 105binding was mapped to residues 412–445 in the case
of Sendai (Smallwood et al., 1994; Curran et al., 1994). cells).
P and L plasmid constructions (pGEM-LS1 and pGEM-The only other P protein yet examined for the presence
of L-binding sites is that of VSV, but the situation here NS) were described previously (Canter et al., 1993). L
plasmid was kept constant at 3 mg in all experiments, andappears more complicated as both N-terminal and C-
terminal domains have been implicated (Emerson and the amount of P plasmid was 1.5 mg except as indicated.
Sonicated salmon sperm DNA (5 mg) was used in mockSchubert, 1987; Gill et al., 1986; Barik and Banerjee, 1992;
Takacs and Banerjee, 1995). More recently, evidence for transfections and, in some cases, was also added to
samples containing P and/or L plasmids to equalize totala Sendai P protein trimer has been obtained, and the
oligomerization domain has been localized to residues DNA concentration. No effect of carrier was observed
within the range of total DNA used (5 to 13 mg).344–411 (Curran et al., 1995). The VSV P protein has
also been shown to form multimers (Gao and Lenard, Calcium phosphate transfection was carried out after
infection with vaccinia vTF7.3 as described before (Can-1995a; Das et al., 1995), and evidence points to multimeri-
zation as being necessary for binding to L protein and ter et al., 1993). Liposome transfection was initiated after
1 hr of absorption with vaccinia by adding the varioustemplate (Gao and Lenard, 1995b).
Our previous studies showing little dependence on DNA samples mixed with 30 ml of liposome and 1 ml of
cell culture medium (MEM) containing 7% calf serumcoexpression of L and P for VSV transcription reconstitu-
tion suggested that VSV L protein stability does not de- and incubating at 377. For the transcription reconstitution
experiment, 40 mg/ml 1-b-D-arabinofuranosylcytosinepend on P protein binding. Nonetheless, wild-type L pro-
tein accumulation was stimulated two- to fivefold in (ara C) was also included in all solutions, including virus
inoculum, to inhibit vaccinia late functions, and extractstransfected cells when coexpressed with P (Canter et al.,
1993), which might be expected if P binding does in were prepared as described previously (Canter et al.,
1993). The presence of ara C during transfection stimu-fact stabilize at least some L protein. Moreover, no such
stimulation took place with a deleted L protein construct lated P protein accumulation several fold and delayed
cytopathic effect due to vaccinia, but had little or no effectlacking a small 36-amino-acid-long segment in its C-
terminal half. Since this deleted L protein was totally on subsequent transcription reconstitution (unpub-
lished).inactive for transcription reconstitution, the results hinted
at the possibility that the C-terminal half of L contains a For the pulse–chase experiments, identical sets of
wells were first starved of methionine at 5.5 hr post-domain required for P binding. This possibility was all
the more intriguing since the deleted segment overlaps transfection with a 30-min incubation in medium minus
methionine, followed by a 30-min labeling period in thea candidate nucleotide-binding motif universally con-
served among L proteins of nonsegmented negative- same medium containing 75 mCi/ml Trans 35S label (ICN)
or Express 35S-Protein Labeling Mix (NEN). All incuba-strand viruses (Muhlberger et al., 1992).
The findings reported here make it clear that the VSV tions were at 377. One well was extracted immediately
while parallel ones were incubated in chase mediumP protein does indeed protect its cognate L protein from
degradation as a result of P:L complex formation, and (containing 101 standard methionine concentration) for
the indicated times before extraction. Continuous label-reveal an unexpected property of the L deletion mutant.
Moreover, we show that P and L coexpression require- ing was carried out similarly except for using 20 mCi/ml
label for 6 hr for the coimmunoprecipitation experimentments for reconstitution of transcription activity in vitro
are in fact similar to those reported previously for Sendai of Fig. 3A or 50 mCi/ml for 8 hr for the gradient experi-
ment. For the coimmunoprecipitation experiment of Fig.virus and can be most easily explained by the protective
effect of P protein on L stability. The work described 3B, 50 mCi/ml label was added from 9 to 11 hr post-
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transfection, and 40 mg/ml ara C was added throughout
transfection and labeling. Cell extracts were prepared in
transcription buffer by the lysolecithin method as above,
except for omitting nucleotides and the ATP-regenerating
system.
Glycerol gradient analysis
Glycerol gradient (5–20% glycerol) analysis was car-
ried out as described by Horikami et al. (1992) except
for using the transcription buffer modified as above. A
120-ml volume of lysate (from 106 cells) was layered
on the 12-ml gradient which was then spun in the Beck-
FIG. 1. SDS–PAGE of immunoprecipitates from pulse–chase analy-man SW41 rotor for 46 hr at 29K rpm and 47. Fractions
sis of [35S]methionine-labeled P and L proteins expressed in transfected(1 ml) were collected by needle puncture from the bottom
cells (see Materials and Methods). (A) The wild-type L gene construct
of the tubes. was used; (B) the L deletion construct (DL) lacking amino acids 1638–
1673 was used. In each case, two different amounts of P plasmid were
employed, 1.5 mg (1X) or 6.0 mg (4X). A and B represent two separate
Immunoprecipitations, SDS–PAGE, and quantitation gels but all samples were prepared in the same labeling experiment.
Alternate lanes refer to a 30-min pulse (p) and 16-hr chase (c), and
Pulse–chase-labeled samples were immunoprecipi- the positions of bands corresponding to P, L, and DL proteins are
indicated.tated by adding 20 ml of extract to 80 ml RIPA buffer (10
mM Tris–Cl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 1 mg/ml aprotinin, 100 RESULTS
mg/ml phenylmethylsulfonyl fluoride). The samples were
P protein coexpression protects L protein fromthen incubated with 2.5 ml polyclonal anti-P (prepared
degradationagainst gel-purified P protein and kindly provided by Don
Summers, University of California at Irvine) and/or 1 ml To test whether the P coexpression-dependent stimu-
anti-L (N-terminal peptide-specific antibody generously lation of L protein accumulation we previously reported
donated by Manfred Schubert, National Institutes of reflected stabilization of L protein from degradation, we
Health) and the precipitates were recovered and ana- carried out a standard pulse–chase labeling experiment.
lyzed by SDS–PAGE as described previously (Canter et Vaccinia–T7-infected cells were transfected with P, L, or
al., 1993). For the coimmunoprecipitation experiment of P plus L plasmids as before and labeled with [35S]-
Fig. 3A, 2.5 ml of extract was mixed with 27.5 ml of RIPA methionine for 30 min, with or without a subsequent 16-
buffer, and the amount of L antibody was reduced to 0.25 hr chase in the presence of excess cold methionine.
ml. For the coimmunoprecipitation experiment of Fig. 3B, Cytoplasmic extracts were then immunoprecipitated with
2.5 ml of anti-P and 1 ml anti-L were added directly to a mixture of polyclonal anti-L and anti-P antibodies, and
10 ml of extract supplemented with 0.2% NP-40. For the the proteins were resolved by SDS–PAGE (Fig. 1A).
glycerol gradient experiment, one-half of each fraction Bands corresponding to P and L proteins were absent
was added to 100 ml of 61 RIPA buffer (minus NaCl and in the mock-transfected extract (lane a, pulse; lane b,
Tris–Cl) and incubated with 1 ml anti-P and 0.5 ml anti- chase), as expected, and readily visualized in the extracts
L. Where indicated appropriate bands on autoradio- transfected with the corresponding plasmids. When P
graphs of the gels were quantitated by densitometry or was expressed alone, roughly the same amount of pro-
phosphorimaging (Molecular Dynamics). tein was observed in both pulse and chase samples
(lanes c and d), indicating that most or all of P is stable
for at least 16 hr in the absence of L. In contrast, L proteinTranscription reconstitution
expressed alone almost totally disappeared after 16 hr
of chase (lanes e and f). Protection of L from degradationTranscription reactions were carried out as described
previously (Canter et al., 1993), except for the following: was partial when using 1.5 mg P plasmid (lanes g and
h) and almost total when a fourfold higher amount of P5 ml of P plus 5 ml of L extract, or 5 ml of the coexpressed
extract plus 5 ml of the mock-transfected extract, were plasmid was used (lanes i and j).
The results of a more detailed pulse–chase analysis,used in a total reaction volume of 14 ml, with addition of
95 ng of purified N-RNA template, 0.5 units/ml RNasin with quantitation of P and L gel bands by densitometry,
is shown in Fig. 2. The half-life of L protein expressed(Promega), and 2.5 mCi of a-32P-labeled UTP. Ten microli-
ters of the reaction was spotted on DE81 paper to mea- alone in this experiment was 6 hr. This half-life varied
from 3 to 6 hr in several independent experiments. When-sure incorporation.
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P:L complex formation assayed by
coimmunoprecipitation
Even though formation of a P:L polymerase complex
provides the simplest explanation for the stabilizing ef-
fect of P coexpression, an indirect effect is also possible.
We therefore attempted to measure complex formation
directly by SDS–PAGE analysis of coimmunoprecipitates
from [35S]methionine-labeled cells. We found no evi-
dence for a P:L complex when coimmunoprecipitation
was carried out under RIPA buffer conditions, i.e., in the
presence of both nonionic and ionic detergents (Fig. 3A).
FIG. 2. Quantitative pulse– chase analysis of P and L protein ex- Anti-P alone reacted with P, but not L, in extracts from
pressed individually or coexpressed. Conditions were as in Fig. 1, cells transfected with P only (lane 2), P plus wild-type L
except for using 10 mg P plasmid and analyzing samples after varying (lane 5), or P plus mutant DL (lane 7). Likewise, anti-L
times of chase. L and P bands from SDS gels were quantitated by
alone reacted with L and DL, but not P, in extracts fromdensitometry and are plotted as percentage remaining relative to the
L only (lane 3), DL only (lane 4), P plus wild-type L (lanepulse-labeled sample.
6), or P plus DL (lane 8). Note that some L degradation
products were also evident in extracts expressing L or
DL protein (lanes 3, 4, 6, and 8). Minor bands were alsoever sufficient amounts of P protein were expressed (10
observed in all immunoprecipitates and are assumed tomg P plasmid in Fig. 2), L appeared to be as stable as
be host and/or vaccinia virus derived since they wereP protein for the 16-hr chase period. With 1.5 mg of P
also present in mock-transfected extracts (lane 1).plasmid, L protection was substantial in some experi-
Since the P:L interaction might well be considerablyments but much less in others (as in Fig. 1A, lanes g
weaker than that of antigen–antibody complexes, weand h). This variation probably reflects differences in
also carried out coimmunoprecipitation of labeled celltransfection efficiency. We conclude from these experi-
extracts under less stringent conditions compatible withments that L protein synthesized alone is rather unstable,
polymerase activity in vitro, i.e., transcription buffer con-at least in the context of the vaccinia–T7 expression
taining 0.2% NP-40 (see Materials and Methods). Thesystem, but that P coexpression stabilizes it from degra-
nonspecific background under these conditions wasdation. The simplest explanation for this effect likely in-
higher (see mock lane), but bands corresponding to Pvolves a change in the susceptibility of L to degradative
and L proteins were nonetheless clearly distinguishableenzymes as a result of complex formation with P.
(Fig. 3B). As with RIPA, anti-P alone brought down P
protein from P-containing extracts (lanes 2, 5, and 6, left)
Deleting a small region in the C-terminal half of L but also precipitated trace amounts of L from extracts
protein blocks stabilization by P protein coexpression containing L or DL only (lanes 3 and 4, left). Nonspecific
precipitation of some L protein was observed in several
We previously described the construction and proper- independent experiments even in the absence of anti-
ties of a mutant DL protein harboring a small deletion body (not shown). The basis for this is unknown but it
of 36 amino acids in its carboxy-terminal region (residues could conceivably be due to L protein binding to large
1638–1673). This mutant DL protein was not only inac- cellular structures, or perhaps aggregation. Efforts to cir-
tive in the in vitro transcription reconstitution assay but cumvent this problem by adding 0.5% deoxycholate de-
its accumulation was also unresponsive to P protein tergent to the immunoprecipitation mixture unfortunately
coexpression (Canter et al., 1993). In light of the L protein disrupted the weak P:L interaction (not shown).
instability documented above, the behavior of the mutant Anti-L brought down L protein from L- or DL-containing
suggested a lack of protection by P coexpression. Figure extracts, as expected (lanes 3, 4, 5, and 6, right), and
1B shows the results of a pulse–chase experiment with also brought down a trace of P protein from the P-only
the mutant DL, carried out in parallel to the wild-type extract (lane 2, right). This nonspecific precipitation of
version shown in Fig. 1A. DL expressed alone was al- trace amounts of P protein was not observed in other
most completely degraded after 16 hr of chase (lanes a experiments (not shown). More importantly, evidence for
and b) but, unlike wild-type L, coexpression with P at a P:L complex is clearly seen in lane 5 of each panel
either low (lanes c and d) or high levels (lanes e and f) where significant amounts of L and P proteins were pre-
did not prevent degradation. These results thus provide cipitated by anti-P and anti-L, respectively. Phosphorim-
additional evidence that stimulation of wild-type L protein ager quantitation of labeled bands indicated that the P
accumulation by P coexpression is in fact due to stabili- plus L extract contained 17 times more P protein than
full-size L protein on a molar basis (P and L contain 4 andzation of L from degradation.
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FIG. 3. Coimmunoprecipitation analysis of [35S]methionine-labeled P, L, and DL proteins expressed individually or coexpressed. Immunoprecipita-
tion with anti-P or anti-L carried out in (A) RIPA buffer or (B) transcription buffer containing 0.2% NP-40. Transfection conditions were similar in both
cases except for using ara C in B, which stimulates P protein accumulation to levels comparable to 10 mg P plasmid (see Materials and Methods).
60 methionine residues, respectively). The molar ratio of DL reacted with anti-P in coinfected extracts. We there-
fore conclude from our coimmunoprecipitation analysisP to L proteins in the P plus L extract reacted with anti-
L (lane 5, right), calculated from phosphorimager values that P does form a complex with wild-type L protein but
appears to bind poorly to DL.of full-size L and P bands, was 3.1 to 1. The same value
was obtained in an independent coimmunoprecipitation
experiment where extracts contained about 10-fold more Gradient analysis of P:L polymerase complex
P protein relative to L (not shown), suggesting that all L
protein in these cotransfected extracts is bound to P To obtain independent confirmation that P protein
protein. The 3:1 stoichiometry suggested by these values, binds to wild-type and not mutant DL protein, we carried
however, may well be an overestimate since the large out sedimentation gradient analysis of labeled proteins
N-terminal fragments of L may also be capable of binding from transfected cell extracts. A mixture of anti-L and
to P protein. anti-P was then used to precipitate each fraction. The
Despite the apparent saturation value for P binding to glycerol gradients were prepared with transcription
L when the cotransfected extract was reacted with anti- buffer to provide conditions favorable for P:L complex
L, only 15% of total L was brought down with anti-P formation. Autoradiographs of the results are shown in
(compare lane 5, right and left). This value was 36% in Fig. 4, and quantitation of L and P proteins from these
the experiment using a larger excess of P protein. Why gels is illustrated in Fig. 5. As was the case for unfraction-
only a fraction of L protein appears bound to P in this ated cell extracts, P and L bands were clearly distin-
case is not entirely clear, but the polyclonal antibody guished from background bands identifiable by reference
prepared against whole P protein used here may con- to the mock-transfected gradient (Fig. 4A). These nonspe-
ceivably react with the L-binding site on the P protein cific bands were found, for the most part, in fractions 2
and disrupt or prevent some P:L complex formation. This through 6. P protein from extracts transfected with P only
is not expected to take place with the anti-L since it was sedimented in fractions 3 and 4 (Figs. 4B and 5A), just
prepared against an N-terminal peptide of the protein slightly slower than the 65-kDa bovine serum albumin
(Schubert et al., 1985). (BSA) marker which sedimented in fraction 4 in a parallel
Much less P protein (about sixfold less) was precipi- gradient (not shown). It should be noted that P sedi-
tated with anti-L when using extracts containing P plus mented homogeneously in these gradients with no evi-
DL (right, lane 6). Substantial amounts of the DL protein, dence of separable multimer forms. L expressed alone
however, were found in the precipitate obtained with anti- sedimented more or less homogeneously but mainly in
P although less so than wild-type L brought down with fractions 6 through 8, although small amounts could also
anti-P (compare lanes 6 and 5, left). As documented be- be seen sedimenting in fractions closer to the bottom of
low, the DL protein appears aggregated by sedimenta- the gradient (Figs. 4C and 5B). Unexpectedly, the mutant
tion gradient analysis. Nonspecific precipitation of DL DL protein sedimented heterogeneously with the major-
was found to be more severe than wild-type L in indepen- ity in fractions 8 through 12 (Figs. 4D and 5C). In this
particular experiment, the last fraction near the bottomdent experiments, but in all cases more wild-type L than
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FIG. 4. Glycerol gradient analysis of [35S]methionine-labeled P, L, and DL proteins expressed individually or coexpressed (see Materials and
Methods). Sedimentation was from right to left. BSA marker protein appeared in fraction 4 in gradients analyzed under the same conditions. The
proteins expressed in each sample are indicated (A through F).
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The sedimentation profile of the extract containing
coexpressed P and wild-type L proteins confirmed that
P does indeed bind to L (Figs. 4E and 5D). L protein was
again present mostly in fractions 6 to 8, but a small
fraction of the P protein now sedimented in fractions 5
through 7. In contrast, no comparable shift of P protein
to fractions 5 through 7 was observed in the gradient
from P plus mutant DL protein (Figs. 4F and 5E). The
DL protein again sedimented heterogeneously mostly in
fractions 8 through 12. Quantitation of P protein indicated
that 19% of the P protein shifted to these faster sedi-
menting fractions in the P plus wild-type L sample,
whereas only 2.5% was found in the same fractions in
the case of P plus mutant DL, and 1% in the case of
P only. Similar results were obtained in several indepen-
dent experiments with some variation in the amount of
shifted P protein (up to 26%) in the presence of wild-
type L (not shown). Note that the same type of analysis
showed roughly similar proportion of the total P protein
cosedimenting with wild-type L in the Sendai and SV5
virus systems (Smallwood et al., 1994; Parks, 1994). Inter-
estingly, in the VSV case documented here, the shifted
P component always sedimented slower than the major
fraction of wild-type L protein (see Figs. 4E and 5D). This
strongly suggests that the VSV P:L complex sediments
more slowly than free L protein, presumably indicating
a more extended hydrodynamic conformation.
It should be noted that a large fraction of the wild-
type L protein in coexpressed samples sedimented in
the same fractions as ‘‘free’’ L protein, and thus presum-
ably was not bound to P (Figs. 4E and 5D). This might
have been due, at least in part, to limiting amounts of P
protein in this particular experiment (1.5 mg P plasmid).
However, even when P was expressed at a level suffi-
cient to protect most or all L protein from degradation
(10 mg P plasmid as in Fig. 2), the majority of L protein
still sedimented at the position of ‘‘free’’ L, and a smaller
proportion of the total P protein (10%) shifted to the
position of the complex (not shown). The P:L complex
may therefore be somewhat unstable, with a large pro-
portion dissociating during preparation of the extractFIG. 5. Quantitation of P and L bands from the gradients shown in
Fig. 4. Absorbance units (A.U.) are arbitrary and only reflect the relative and/or sedimentation analysis. In any case, the gradient
distribution of each particular protein across each gradient. Since the results clearly confirm that the mutant DL protein is defi-
mock sample is irrelevant in this quantitation, A through E correspond cient in binding to P protein. Moreover, a more likely
to B through F of Fig. 4.
explanation for this lack of binding is suggested. The DL
mutant may not be missing a sequence critical for P
binding but, instead, may prevent this binding by virtueof the gradient was the most enriched for DL. Other
experiments showed variation in the distribution of DL of its misfolding and/or aggregation.
We showed previously by immunoblot analysis thatin the gradient, but in all cases the majority of DL parti-
tioned in fractions 8 through 12. The mutant L protein, extracts from cells transfected with 1.5 mg P and 3 mg L
plasmids (our standard conditions for in vitro transcrip-although missing only a tiny fraction of its mass (2%),
appeared to be either misfolded and/or aggregated un- tion reconstitution) contained P and L proteins at a ratio
4.0 on a molar basis, and the ratio increased to 16der these conditions. Nonetheless, it reacted well with
anti-L under these buffer conditions (Fig. 3B), indicating when using 10 mg P (Canter et al., 1993). Although we
observed some variation in transfection efficiency in dif-no loss of reactivity toward the N-terminal peptide se-
quence. ferent experiments, similar values were confirmed here
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TABLE 1 tion values for transcription assays carried out as de-
scribed previously (Canter et al., 1993), except for usingEffect of Coexpression of P and L Proteins
4.5 mg P plasmid and making extracts at 10 or 20 hr afteron Trancription Reconstition
initiation of transfection. Transcription activity was 5.31
Transcription activity higher for the coexpressed extract as opposed to an
(cpm) Ratio equivalent mixture of individually expressed P and L ex-
tracts at 10 hr. This value is significantly higher than the10-hr extract
twofold difference we reported in our previous study us-P / L 14,885 —
(P / L) 78,582 5.3 ing 1.5 mg P plasmid and 8-hr samples. Given the 3- to
20-hr extract 6-hr half-life of L protein reported here, this increase in
P / L 4,104 — coexpression dependence is likely attributable to addi-
(P / L) 36,871 9.0
tional L protein stabilization. The transcription activity of
the 20-hr coexpressed sample was about half that ob-Note. Transcription reconstitution was carried out as described un-
der Materials and Methods. The values represent incorporation of la- tained at 10 hr. More importantly, the mix of individually
beled precursor into VSV-specific transcripts after subtraction of back- expressed extracts from 20 hr yielded 9 times lower activ-
ground incorporation from the mock-transfected sample. Extracts were ity than the coexpressed sample (Table 1). We therefore
prepared 10 or 20 hr posttransfection. P / L denotes activity from
conclude that transcription dependence on P and L coex-samples containing a mixture of the P-expressing extract added to the
pression varies depending on the relative ratio of pro-L-expressing extract (5 ml each), whereas (P / L) refers to the equiva-
lent sample from the coexpressed extract (5 ml plus 5 ml mock- teins accumulated in vivo and the length of time of ex-
transfected extract). The ratio of coexpressed extract activity to mixed pression. Coexpression dependence is thus most easily
extract activity is indicated. explained by stabilization of L protein by P binding. De-
pendence is low when P is limiting, and extracts are
collected before extensive L protein degradation takesagain by immunoblot analysis of extracts (not shown).
place. This dependence increases when a larger amountThus synthesis of a relatively large molar excess of P
of P protein relative to L is expressed and when L proteinprotein over L is required to obtain full protection of L
degradation is allowed to proceed for longer times.protein in vivo. We attempted to estimate the ratio of the
P and L proteins in the gradient complex from [35S]-
DISCUSSIONmethionine labeling ratios of protein bands in gels or by
immunoblot analysis of individual gradient fractions. The
Recent findings had suggested an important differencelatter method proved less sensitive than 35S-labeling but
in the properties of the P:L polymerase complex of VSVconfirmed the results as far as identifying fractions con-
compared to Sendai virus. Coexpression of P and L pro-taining the largest amounts of L and P proteins (not
teins in the same cell was deemed necessary for Sendaishown). In any case, the overlap in sedimentation be-
polymerase activity (Horikami et al., 1992; Curran et al.,tween the P:L polymerase complex and the ‘‘free’’ pro-
1992), but not for VSV (Canter et al., 1993). The assemblyteins, especially in the case of ‘‘free’’ L, precluded us from
of the Sendai P:L complex was thus presumed to takeobtaining a meaningful estimate of P to L ratio in the
place efficiently only during or shortly after synthesis ofcomplex.
its subunit components. Moreover, it was subsequently
shown that L protein is unstable unless synthesized inCoexpression requirements for transcription
the presence of P protein (Smallwood et al., 1994). Thereconstitution
lack of coexpression dependence for the VSV polymer-
ase could thus be easily explained on the basis of aWe reported previously that coexpression of VSV P
and L proteins in the same cell is not required for subse- stable L protein. However, we also noted previously that
L protein accumulation in vivo was stimulated two- toquent in vitro transcription reconstitution, in contrast to
findings with Sendai virus (Horikami et al., 1992; Curran fivefold by P protein coexpression, suggesting, albeit in-
directly, that at least some of the VSV L protein is alsoet al., 1992). Although we then speculated that this might
represent a fundamental difference between these two unstable unless coexpressed with P (Canter et al., 1993).
The findings reported here show directly that most if nototherwise very similar virus systems, our studies involved
significantly shorter times of expression in vivo (8 vs 18– all of VSV L protein, expressed in the absence of P, is
in fact unstable and degrades with a half-life of 3 to 6 hr20 hr for Sendai) and, in light of the findings reported
here, amounts of P plasmid limiting for L stabilization (1.5 (Fig. 2). Coexpression with an excess of P completely
stabilized L.mg). We therefore tested whether using larger amounts
of P plasmid relative to L, and varying the duration of As was the case for Sendai, our stability results were
obtained within the context of the vaccinia–T7 polymer-expression in vivo, would alter the coexpression depen-
dence for VSV transcription in vitro. ase expression system. It is possible that intracellular
proteolytic activity is enhanced under such conditions,The results in Table 1 show precursor label incorpora-
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even more so than in VSV-infected cells. Nevertheless, fact bound to P, and that the substantial amounts of large
N-terminal fragments of L also evident in the extracts doit is very unlikely that a vaccinia-encoded protease, or
a cellular activity induced by vaccinia infection, would not contribute to binding. Whatever the case may be, our
results do not address whether more than one L proteinspecifically target the L protein. L is more likely inherently
less stable than other VSV-encoded proteins and most is part of the complex.
P protein expressed in the absence of L sedimentedhost proteins and may well contain specific amino acid
sequence signals that trigger a cellular degradative path- homogeneously very near the position of the BSA protein
marker whose molecular weight is about twice that of Pway. Such signals would presumably be masked when
L is complexed with P protein. So far, the half-life of L (P is 29 kDa, BSA is 65 kDa). Recent findings suggest
that purified P protein can form multimers and that multi-has only been measured for VSV, but differences in this
parameter among related viruses could conceivably play merization may be necessary to assemble an active poly-
merase complex (Gao and Lenard, 1995a,b; Das et al.,an important role in their growth characteristics and tis-
sue-specific expression. 1995). Our sedimentation results could conceivably indi-
cate that essentially all of the P protein sediments as aStabilization of the VSV L protein correlated with P
protein binding. This was shown here by coimmunopreci- dimer under these conditions, but this remains uncertain
as the protein migrates anomalously on SDS–PAGEpitation and sedimentation gradient analysis. The latter
revealed two significant properties of the VSV P:L com- analysis and its hydrodynamic properties may well differ
from globular proteins.plex. First, the peak fraction of the complex sedimented
between the peaks of ‘‘free’’ P and L proteins, suggesting Since the VSV L protein is unstable in the absence
of P, why then did we find only a twofold increase inthat the complex is in a more extended hydrodynamic
conformation. This was not evident in the case of the transcription when the proteins were coexpressed in our
earlier study (Canter et al., 1993)? The results reportedSendai P:L complex which appeared to cosediment, at
least roughly, with ‘‘free’’ L (Smallwood et al., 1994). If the here provide an explanation. When cell extracts were
prepared at 20 hr posttransfection, as done previously62-kDa Sendai P protein binds to the253-kDa L protein
as a trimer, as current evidence suggests (Curran et al., with Sendai, coexpression dependence for VSV tran-
scription was much stronger, showing a ninefold differ-1995), then the MW of the P:L complex should be nearly
twice that of free L. Thus the Sendai P:L complex, like ence relative to a mixture of separately transfected ex-
tracts (Table 1). Our earlier study used extracts preparedthat of VSV, also appears to sediment more slowly than
expected. Second, only a small proportion of the total at 8 hr and moreover involved limiting amounts of P plas-
mids expected to provide only partial protection of L inVSV L protein (15%) sedimented at the position of the
P:L complex, even though most or all of it was protected vivo. The effect of duration of protein expression in vivo
was confirmed here by comparing parallel extracts pre-from degradation in vivo. The complex, or a major fraction
thereof, is therefore most likely unstable and easily dis- pared at 10 hr instead of 20 hr which reduced coexpres-
sion dependence to about fivefold. The results seen heresociates during preparation of cell extracts and/or during
centrifugation. Our coimmunoprecipitation data also sug- with VSV at 20 hr appear roughly similar to those reported
previously for Sendai (Curran et al., 1992). We thereforegested a weak P:L complex since it was disrupted by
low concentrations of deoxycholate or SDS detergent. conclude that the two virus systems are not fundamen-
tally different from each other in this regard and thatRecent studies, employing a mammalian cell two-hybrid
system, also imply that the VSV P:L association is consid- coexpression dependence for transcription activity in
both cases is largely, if not solely, due to protection oferably weaker than the P:N association (Takacs and Ban-
erjee, 1995). L from degradation.
We also reported previously that deletion of a smallAs mentioned above, an excess of P protein relative
to L (10 to 15 on a molar basis) was required to obtain 36-amino-acid-long segment in the C-terminal region of L
protein (amino acids 1638–1673) abolished transcriptionfull protection of L from degradation in vivo. However, it
proved impossible to directly measure the ratio of P to activity and stimulation by P protein coexpression (Can-
ter et al., 1993). However, subsequent studies showedL in the complex from gradients because a relatively
small proportion of each protein was involved, and frac- that the C-terminal half of L protein is not necessary for
P binding either for SV5 or for measles virus (Parks, 1994;tions containing ‘‘free’’ P protein, and especially ‘‘free’’ L
protein, overlapped those containing the complex. How- Horikami et al., 1994). This led Parks (1994) to predict
that our VSV C-terminal L deletion construct would stillever, our coimmunoprecipitation results with anti-L (Fig.
3B) yielded a ratio of three P to one full-size L protein bind P. Three lines of evidence presented here show
that this is not the case. The deleted L construct wasand the ratio remained the same even when a 10-fold
greater excess of P protein was used. This value, how- not protected from degradation by P coexpression, anti-
L antibody did not coprecipitate P with the mutant L, andever, may not reflect the actual stoichiometry of the P:L
complex because we cannot be certain that most or all P did not bind DL by gradient analysis. However, the
gradient results also provided a more likely explanationof the L protein in these concentrated cell extracts is in
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transcription elongation factor from the 5* proximal open readingfor the lack of P binding than simple absence of a critical
frame of the M2 mRNA in gene expression and provides a capabilitybinding domain in the deleted L. The mutant protein sedi-
for vaccine development. Proc. Natl. Acad. Sci. USA 92, 11563–
mented anomalously and heterogeneously, suggesting 11567.
major perturbation of its overall tertiary structure (see Conzelmann, K-K., and Schnell, M. (1994). Rescue of synthetic genome
Figs. 4 and 5). Nonetheless, the N-terminal region of the RNA analogs of rabies virus by plasmid-encoded proteins. J. Virol.
68, 713–719.mutant protein retained its reactivity toward the peptide-
Curran, J., Boeck, R., and Kolakofsky, D. (1991). The Sendai virus Pspecific antibody. The behavior of this deleted L protein
gene expresses both an essential protein and an inhibitor of RNAis thus a good example of what can sometimes confound
synthesis by shuffling modules via mRNA editing. EMBO J. 10, 3079–
straightforward interpretations of protein domain analy- 3085.
sis via deletion mutagenesis. Curran, J., Boeck, R., Lin-Marq, N., Lupas, A., and Kolakofsky, D. (1995).
Paramyxovirus phosphoproteins form homotrimers as determined byLastly, we should like to speculate on whether the
an epitope dilution assay, via predicted coiled coils. Virology 214,inherent instability of the catalytic subunit of the polymer-
139–149.ase complex in nonsegmented negative-strand RNA vi-
Curran, J., Marq, J-B., and Kolakofsky, D. (1992). The Sendai virus non-
ruses serves a purpose. We noted above that synthesis structural C proteins specifically inhibit viral mRNA synthesis. Virol-
of a high molar ratio of P to L (10 to 15) was required to ogy 189, 647–656.
protect all of VSV L from degradation in transfected cells. Curran, J., Pelet, T., and Kolakofsky, D. (1994). An acidic activation-like
domain of the Sendai virus P protein is required for RNA synthesisThis ratio is somewhat higher than that found in virions
and encapsidation. Virology 202, 875–884.(6:1) and somewhat less than the 30:1 ratio found in
Das, T., Gupta, A. K., Sims, P. W., Gelfand, C. A., Jentoft, J. E., andinfected cells (Canter et al., 1993; D. Spadafora et al.,
Banerjee, A. K. (1995). Role of cellular casein kinase II in the function
submitted). Nonetheless, L protein is clearly multifunc- of the phosphoprotein (P) subunit of RNA polymerase of vesicular
tional and likely contains separate domains for at least stomatitis virus. J. Biol. Chem. 270, 24100–24107.
Dougherty, W. G., and Semler, B. L. (1993). Expression of virus-encodedsome of these functions. Partial proteolysis of unpro-
proteinases: Functional and structural similarities with cellular en-tected L could conceivably generate fragments with a
zymes. Microbiol. Rev. 57, 781–822.subset of enzymatic or binding activities not displayed
Emerson, S. U., and Schubert, M. (1987). Location of the binding do-
by the uncleaved protein. Whether such hypothetical L mains for the RNA polymerase L and the ribonucleocapsid template
fragments do in fact accumulate in infected cells is not within different halves of the NS phosphoprotein of vesicular stomati-
tis virus. Proc. Natl. Acad. Sci. USA 84, 5655–5659.yet clear, but proteolytic activation of viral functions is
Gao, Y., and Lenard, J. (1995a). Multimerization and transcriptional acti-nonetheless very common in RNA viruses (Dougherty
vation of the phosphoprotein (P) of vesicular stomatitis virus by ca-and Semler, 1993).
sein kinase-II. EMBO J. 14, 1240–1247.
Gao, Y., and Lenard, J. (1995b). Cooperative binding of multimeric phos-
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